Aims/hypothesis An accurate molecular diagnosis of diabetes subtype confers clinical benefits; however, many individuals with monogenic diabetes remain undiagnosed.
(HNF1A)-MODY than in other diabetes subtypes. In this large multi-centre study we aimed to assess the clinical validity of hsCRP as a diagnostic biomarker, examine the genotype-phenotype relationship and compare different hsCRP assays. Methods High-sensitivity CRP levels were analysed in individuals with HNF1A-MODY (n=457), glucokinase (GCK)-MODY (n=404), hepatocyte nuclear factor 4 alpha (HNF4A)-MODY (n=54) and type 2 diabetes (n=582) from seven European centres. Three common assays for hsCRP analysis were evaluated. We excluded 121 participants (8.1%) with hsCRP values >10 mg/l. The discriminative power of hsCRP with respect to diabetes aetiology was assessed by receiver operating characteristic curvederived C-statistic. Results In all centres and irrespective of the assay method, meta-analysis confirmed significantly lower hsCRP levels in those with HNF1A-MODY than in those with other aetiologies (z score −21.8, p<5×10
−105 ). HNF1A-MODY cases with missense mutations had lower hsCRP levels than those with truncating mutations (0.03 vs 0.08 mg/l, p<5× 10 −5 ). High-sensitivity CRP values between assays were strongly correlated (r 2 ≥0.91, p≤1×10 −5 ). Across the seven centres, the C-statistic for distinguishing HNF1A-MODY from young adult-onset type 2 diabetes ranged from 0.79 to 0.97, indicating high discriminative accuracy.
Conclusions/interpretation In the largest study to date, we have established that hsCRP is a clinically valid biomarker for HNF1A-MODY in European populations. Given the modest costs and wide availability, hsCRP could translate rapidly into clinical practice, considerably improving diagnosis rates in monogenic diabetes.
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Introduction
Genome-wide association studies (GWAS) have provided a significant breakthrough in understanding the genetic basis of type 2 diabetes, leading to a rapid expansion of the number of confirmed type 2 diabetes risk variants [1] . To date relatively few of these and other recent genomic findings have been translated into clinical applications [1] . However, one promising example of potential translation into clinical practice stems from GWAS reports that common alleles near HNF1A are associated with C-reactive protein (CRP) levels at the population level [2, 3] . There was a plausible biological basis for this observation, as the promoter of the CRP gene has two binding sites for hepatocyte nuclear factor 1 alpha (HNF1A), HNF1A is required for CRP expression and the Hnf1a-knockout mouse has reduced Crp expression [4] [5] [6] . We hypothesised that large-effect, loss-of-function heterozygous HNF1A mutations that are causal for MODY might be associated with more substantial CRP reductions, and we recently confirmed this in a UK study [7] . An important question is whether this finding could be the basis of a diagnostic test for HNF1A-MODY. Mutations in HNF1A are the commonest form of monogenic diabetes in the UK, with a minimum prevalence estimated at 50-80 per million of the population [8, 9] . There are important clinical implications of establishing an accurate molecular genetic diagnosis of HNF1A-MODY. Low-dose sulfonylureas are the optimal first-line treatment [10] and screening of at-risk family members can be performed. Access to definitive but expensive diagnostic genetic tests is restricted; furthermore it is challenging to identify MODY patients whose clinical features have significant overlap with both common types of diabetes. Therefore most cases of HNF1A-MODY remain misclassified [8] . The identification of biochemical screening tools (ideally widely available and at low cost) to detect diabetes patients who are most likely to have an underlying HNF1A mutation would allow more targeted and efficient use of molecular genetic testing.
In our initial study, high-sensitivity CRP (hsCRP) showed promise as a diagnostic biomarker with a receiver operating characteristic (ROC) curve-derived C-statistic of 0.8 for differentiation of HNF1A-MODY from patients with young adult-onset type 2 diabetes [7] . This is clinically relevant as 3-4% of those with young adult-onset type 2 diabetes in fact have unrecognised HNF1A-MODY [11] . The purpose of this study was to assess the clinical validity of hsCRP as a diagnostic biomarker in larger numbers of individuals and to produce recommendations to guide clinical practice. We also aimed to address limitations of the previous study by: (1) including participants with hepatocyte nuclear factor 4 alpha (HNF4A)-MODY; (2) repeating an hsCRP measurement in individuals who had previously had a raised value; (3) assessing any association between HNF1A mutation position and hsCRP level; and (4) comparing several common methods of hsCRP analysis.
Methods
Participants Full details of the recruitment criteria for the participants are described in the electronic supplementary material (ESM) Methods. We studied MODY patients who had a confirmed heterozygous mutation (sequencing performed in a certified diagnostic centre) in HNF1A (n=457), GCK (n=404) or HNF4A (n=54), and were recruited from seven European centres (Table 1 ). In addition we studied individuals diagnosed at age ≤45 years with clinically labelled type 2 diabetes (n=582). All MODY mutations were considered to be pathogenic on the basis of at least one of the following criteria: (1) absence of the variant in normal chromosomes; (2) published reports; (3) presence of a truncating mutation; or (4) co-segregation of the mutation with a MODY phenotype within the family. Of the UK samples, 31 HNF1A-MODY and all glucokinase (GCK)-MODY and young adult-onset type 2 diabetes cases were reported in the previous study [7] . Informed consent was obtained from volunteers in each centre following approval from local ethics committees.
Biochemical methods Due to differences in individual local biochemistry laboratories, CRP was analysed using one of three commonly available high-sensitivity assays. This allowed an assessment of any effect that the specific hsCRP assay used may have had on the derived sensitivity and specificity thresholds to differentiate patients with distinct diabetes aetiologies. This study therefore represents an important evaluation of hsCRP as a screening tool in clinical practice. High-sensitivity CRP method 1 (hsCRP M1), a wide-range latex-enhanced immunoturbidometric assay on an ADVIA 2400 analyser (Siemens Healthcare Diagnostics, Frimley, UK), was used at a single laboratory at the John Radcliffe Hospital, Oxford, for samples from Denmark, Norway, Poland, Slovakia and the UK. Highsensitivity CRP method 2 (hsCRP M2), a latex-enhanced immunoturbidometric assay on a Konelab 60i analyser (Thermo Fisher Scientific, Vantaa, Finland), was used for samples from Finland and Sweden. High-sensitivity CRP method 3 (hsCRP M3), an immunonephelometric assay on the BN ProSpec analyser (Siemens Healthcare Diagnostics, Erlangen, Germany), was used to analyse samples from France. The working ranges of the assays were 0.03-160.00 mg/l (hsCRP M1), 0.25-40.00 mg/l (hsCRP M2) and 0.16-10.00 mg/l (hsCRP M3). High-sensitivity CRP values below the lower working ranges of each assay were reported at this lower limit, i.e. 0.03 mg/l (hsCRP M1), 0.25 mg/l (hsCRP M2) and 0.16 mg/l (hsCRP M3). Between-batch estimates of imprecision, expressed as per cent coefficient of variation, were: 10.0% at 0.05 mg/l, 6.7% at 0.48 mg/l and <1% at 23.5 mg/l (hsCRP M1); <10% at >0.8 mg/l (hsCRP M2); and 3.1% at 0.5 mg/l and 3.4% at 2.1 mg/l (hsCRP M3).
Calculations In line with previous studies, hsCRP values >10 mg/l were considered likely to represent an acute inflammatory response and were excluded from further analyses [7, 12, 13] . Data from all centres were combined in a fixed effects meta-regression (Hedges-Olkin approach) using the statistical package Comprehensive Meta-Analysis (www. meta-analysis.com). All other statistical analysis was performed in SPSS (version 17; SPSS, Chicago, IL, USA). Pearson's correlation coefficient was used to assess correlations between continuous variables. The performance of hsCRP as a diagnostic test for HNF1A-MODY was evaluated using ROC curve analysis. A summary ROC curve was constructed to combine all hsCRP values using the sensitivities and specificities from each centre [14] . A value of p<0.05 was considered to be significant.
Genotype-phenotype relationship Age of diagnosis of diabetes is altered by the type and location of HNF1A mutations. In one study lower age of diabetes diagnosis has been shown to be associated with missense mutations in exons expressed in all three isomers HNF1A(A), (B) and (C) [15] . In another study, lower age of diabetes diagnosis was associated with missense mutations within the dimerisation and DNA-binding domains [16] . Therefore we tested the effect on hsCRP levels of: (1) Mutations were classified as either missense mutations resulting in amino acid changes or those predicted to generate a premature stop codon, i.e. truncating mutations. The latter group includes nonsense, frameshift and splicing mutations. To account for non-independence, these analyses were restricted to a single individual from each family.
Comparison of hsCRP assays A preliminary assessment of hsCRP assay comparability was undertaken at the John Radcliffe Hospital, Oxford, and assessed using the PassingBablock regression method [17] . Using hsCRP M1, we reanalysed 26 samples from Sweden/Finland (originally analysed using hsCRP M2) and 30 samples from France (originally analysed using hsCRP M3).
Repeat of previously elevated CRP results In our previous report, 90 (11%) cases (including three with HNF1A-MODY) who had hsCRP >10 mg/l were excluded. We repeated the hsCRP measurement in 22 of these individuals. Repeat testing was not possible on those with elevated hsCRP values from the other European centres.
Results

High-sensitivity CRP results
Results of hsCRP analysis are summarised in Fig. 1 and detailed in Table 2 . In each centre and irrespective of the assay used, hsCRP levels were significantly lower in individuals with HNF1A-MODY than in those with other diabetes aetiologies. The hsCRP levels associated with the respective diabetes subtypes varied between centres. This partly reflects the specific hsCRP assay used (for example the median values of the HNF1A-MODY cases cluster at or near the assay's lower reporting limit). Meta-analysis, excluding the previously reported UK samples, confirmed that hsCRP levels were lower in HNF1A-MODY than in other diabetes subtypes across the other six centres (z value −20.5, p<5×10 −93 ) [7] .
Meta-analysis across all samples concurred with this result (z value −21.8, p<5×10 −105 ).
Clinical characteristics and hsCRP levels
The clinical characteristics of the participants are shown in ESM Table 1 . Clinical variables significantly differed between the aetiological groups in line with previous studies [18] . Fasting plasma glucose (r 2 =0.04), age of diabetes diagnosis (r 2 = 0.08) and BMI (r 2 =0.23) were significantly correlated with hsCRP levels (p<0.05). Adjustment for these variables did not affect the magnitude or significance of hsCRP differences observed between the groups; this is impor- tant, as any adjustment of the hsCRP value for use as a screening biomarker would be impractical. The effect of statin and/or aspirin therapy on hsCRP levels was examined. In HNF1A-MODY, HNF4A-MODY and young adult-onset type 2 diabetes cases the hsCRP levels were similar between statin and/or aspirin users and non-users (p>0.05). In comparison, participants with GCK-MODY taking statins and/or aspirin had higher hsCRP levels than non-users (1.78 vs 1.22 mg/l, p=0.03). Thus, as reported previously, it seems unlikely that the use of these drugs in patients with other forms of diabetes would lower hsCRP towards the levels seen in HNF1A-MODY patients [7] .
High-sensitivity CRP is a clinically valid biomarker for HNF1A-MODY The differences in hsCRP values between HNF1A-MODY patients and other diabetes subtypes are statistically convincing, but this does not necessarily translate into a clinically valid biomarker. The ROC curve-derived C-statistic (measures discriminative accuracy) was calculated for unadjusted hsCRP levels. The Cstatistic to distinguish HNF1A-MODY from other diabetes subtypes ranged from 0.72 to 0.95 across the centres and from 0.76 to 0.86 across the three hsCRP assays ( Table 3 ). The C-statistic for HNF1A-MODY vs young adult-onset type 2 diabetes ranged from 0.79 to 0.97 across the centres and from 0.79 to 0.91 across the three hsCRP assays (Table 3 , Fig. 2a ). This indicates that hsCRP can reliably distinguish HNF1A-MODY from young adult-onset type 2 diabetes across European populations, even when different hsCRP assays are used. The hsCRP M2 and hsCRP M3 assays have lower discriminative accuracy, which is likely to reflect their less precise lower detection limits (0.25 and 0.16 mg/l, respectively, compared with 0.03 mg/l for hsCRP M1). In samples from Denmark, Norway, Poland, Slovakia and the UK, a diagnostic threshold of 0.25 mg/l conferred 83% sensitivity and 86% specificity for distinguishing HNF1A-MODY from young adult-onset type 2 diabetes. This is revised to 81% sensitivity and 88% specificity if hsCRP values >10 mg/l are not excluded. Different hsCRP assays, i.e. those used to analyse the French and Finnish/ Swedish samples, were associated with different thresholds for optimum sensitivity and specificity; thus a cut-off of 0.5 mg/l conferred 76% sensitivity and 81% specificity in French samples and 74% sensitivity and 68% specificity in Finnish/Swedish samples for distinguishing HNF1A-MODY from young adult-onset type 2 diabetes. It is likely that the higher hsCRP cut-off in the French and Finnish/ Swedish samples reflects the different reporting ranges of the hsCRP assays used to assess these samples. The summary ROC curve, which was based on combining all unadjusted hsCRP values ≤10 mg/l irrespective of the assay used, indicated high sensitivity (78%) and specificity (80%) for distinguishing HNF1A-MODY from young adult-onset type 2 diabetes (Fig. 2b) .
It is likely that a biomarker such as hsCRP would be most effective as a screening tool for HNF1A-MODY when used in conjunction with clinical features. In our previous report, the proposed strategy for selection of young adultonset type 2 diabetes cases for genetic testing was either hsCRP ≤0.2 mg/l or fulfilment of traditional criteria for MODY testing (i.e. age of diabetes diagnosis ≤25 years plus two consecutive generations of diabetes) [7] . This resulted in~80% sensitivity and specificity. In the current dataset, use of combined criteria, i.e. hsCRP ≤0.25 mg/l (hsCRP M1) or hsCRP ≤0.5 mg/l (hsCRP M2/ M3) or age of diagnosis ≤25 years, resulted in improved sensitivity for detection of HNF1A-MODY (~90%) without much loss in specificity compared with the sensitivity and specificity quoted above (ranged from 65% to 81% across assays).
We evaluated hsCRP as a biomarker to differentiate between MODY subtypes. The levels of hsCRP were Table 2 shows the median hsCRP values reported according to mutation position. Analysis of mutation position by functional domain indicated that the hsCRP levels associated with mutations affecting the dimerisation/DNA-binding domains were significantly lower than those affecting the transactivation domain (0.03 vs 0.10 mg/l, p=4.4×10
−6
). The effect of functional domain on hsCRP level was restricted to missense mutations only (0.03 vs 0.16 mg/l, p=0.001), with no significant correlation noted for truncating mutations (p= 0.83). Analysis by mutation type showed median hsCRP was lower in HNF1A-MODY cases with missense mutations than in those with truncating mutations (0.03 vs 0.08, p=1.5× 10
−5
). The isomer affected had no effect on hsCRP (p=0.25).
High-sensitivity CRP assay comparison The comparison of hsCRP assays showed good agreement between hsCRP M1 and hsCRP M2 (r 2 =0.91, p<9×10
), with no significant difference between values obtained from the two assays (p= 0.20) (Fig. 3a) . Although there was good correlation between hsCRP M1 and hsCRP M3 (r 2 =0.99, p<8×10
), there were significant differences between the values obtained via these two assays (p=0.001). Passing-Bablock analysis indicated a constant bias (intercept 0.32, 95% CI 0.03, 0.15) combined with proportional bias (slope 0.70, 95% CI 0.68, 0.75) between hsCRP M1 and hsCRP M3 (ESM Fig. 1 ). This means that the hsCRP values derived from hsCRP M1 were generally higher, except for values below 1 mg/l where hsCRP M3 generated markedly higher values (Fig. 3b) .
Repeat of previously elevated CRP results Of the participants who had hsCRP >10 mg/l in the previous study, three HNF1A-MODY patients and 19 of the 42 with young adultonset type 2 diabetes agreed to a repeat test after a minimum interval of 1 week [7] . ESM Fig. 2 shows the initial and repeat hsCRP results. One HNF1A-MODY patient and ten of 19 young adult-onset type 2 diabetes patients had persistently elevated hsCRP >10 mg/l. The repeat hsCRP values in two of the HNF1A-MODY patients remained well above the proposed threshold of 0.25 mg/l, and therefore these individuals would not have been offered genetic testing on the basis of hsCRP alone. Interestingly, only seven of 457 (1.5%) HNF1A-MODY patients in the current study had an hsCRP value >10 mg/l, which suggests that very few MODY cases would be missed even if those with initially high hsCRP values were not re-tested.
Discussion
In this study we confirm that individuals with HNF1A-MODY have significantly lower levels of hsCRP than individuals with young adult-onset type 2 diabetes and other MODY subtypes. This dataset represents the largest reported collection of MODY participants and includes individuals recruited from across Europe. As a screening biomarker used in isolation, hsCRP performed well across all centres in identifying participants with HNF1A mutations; the ROC-derived C-statistic for distinguishing HNF1A-MODY patients from those with young adultonset type 2 diabetes ranged from 0.79 to 0.91. Performance was improved when an assay-specific hsCRP cut-off was combined with age of diabetes diagnosis, with the combined criteria achieving sensitivities of~90% and specificities of up to 81%. This study establishes that hsCRP is by far the most robust clinical biomarker identified to date for the diagnosis of diabetes subtypes. We extended the diabetes subtypes examined to show for the first time that lower hsCRP levels are not observed in HNF4A-MODY patients. This was not unexpected as there is no evidence that CRP expression is regulated directly by HNF4A. Interestingly, a recent GWAS reported that common alleles near HNF4A were associated with CRP levels in healthy individuals; the small effect seen might be mediated indirectly via the regulation of HNF1A by HNF4A [19] . It is a challenging task to discriminate between patients with HNF1A-MODY and those with HNF4A-MODY by clinical presentation alone [20] . Therefore patients whose clinical features are suggestive of transcription factor-MODY undergo resequencing of HNF1A and HNF4A, with HNF1A being sequenced first as these mutations are more common. In this dataset, hsCRP discriminated well between HNF1A-MODY and HNF4A-MODY patients, and we suggest that, along with birthweight, hsCRP could be used to guide molecular genetic investigation in patients with features of transcription factor-MODY [21] .
The current study only addresses the discrimination between HNF1A-MODY and type 2 diabetes in young adults. High-sensitivity CRP did not distinguish as effectively between HNF1A-MODY and GCK-MODY patients; indeed, other biochemical features can better differentiate these MODY subtypes [22, 23] . We did not assess hsCRP as a diagnostic biomarker in children with diabetes, where the differential diagnosis is from type 1 diabetes. In our previous study, hsCRP did not discriminate reliably between these two aetiological subtypes in adults [7] ; moreover, the lower hsCRP noted in children [24, 25] would be likely to diminish the difference further. This should be evaluated in children, but we suspect that other biomarkers (in addition to autoantibodies and C-peptide) will need to be developed to distinguish recently diagnosed type 1 diabetes from MODY.
We have shown some evidence for a genotype-phenotype relationship within HNF1A-MODY cases, as missense mutations affecting the dimerisation and DNA-binding domains have significantly lower hsCRP levels than mutations disrupting the transactivation domain. These results suggest that the functional outcome of missense mutations affecting binding to the DNA consensus sequence is more severe than that of those affecting the transactivation domain. The lower hsCRP levels observed are consistent with the previous study reporting decreased age of diabetes diagnosis in patients with missense mutations within the DNA-binding/dimerisation domain compared with those in the transactivation domain [16] . Importantly the sensitivity and specificity of hsCRP as a biomarker was not affected by the type or position of the underlying HNF1A mutation.
In our previous and current studies we excluded individuals with hsCRP values >10 mg/l from analysis. The persistently raised hsCRP levels in ten of 19 individuals with clinically labelled young adult-onset type 2 diabetes are likely to reflect the low-grade inflammation associated with insulin resistance [26, 27] . Two HNF1A-MODY patients had atypical MODY phenotypes complicated by insulin resistance and the metabolic syndrome, and this may explain their persistently raised hsCRP values [28] . HNF1A mutation carriers with mixed phenotypes that include insulin resistance will probably not be identified using hsCRP. To reduce the possibility of an acute elevation of CRP due to an intercurrent infection, we recommend repeating the test after a few weeks in any individual whose clinical presentation is consistent with HNF1A-MODY, but who has elevated hsCRP. HNF1A-MODY should not be excluded on the basis of an elevated hsCRP in patients under high clinical suspicion.
Currently available hsCRP assays have been optimised at concentrations higher than those observed in the present study. The comparison of three analytical assays demonstrated significant variation and bias within the normal hsCRP range. Importantly, all assays tested could discriminate between those with HNF1A-MODY and those with other diabetes subtypes. However, it is clear that the specific hsCRP assay used influences the optimal threshold for selecting an individual for HNF1A sequencing. The hsCRP M1 assay used in Oxford reports to a much lower minimum hsCRP value (0.03 mg/l) than the hsCRP M2 (0.25 mg/l) and hsCRP M3 (0.16 mg/l) assays. Therefore the majority of French and Finnish/Swedish HNF1A-MODY cases had hsCRP levels below the range of the specific assay and the median hsCRP for HNF1A-MODY cases was at the lower limit of each analytical assay. Furthermore, the absolute hsCRP difference between HNF1A-MODY individuals and those with other diabetes subtypes reported using assays hsCRP M2 and M3 is likely to be underestimated. This may account for the lower discriminative power (or C-statistic) when using these analytical assays. Optimum sensitivity and specificity values for diagnostic testing were found at a higher hsCRP level in these samples than in those analysed with hsCRP M1 (0.5 vs 0.25 mg/l). It is clear that the use of an hsCRP assay with a low reporting range provides enhanced discrimination between diabetes subtypes. We therefore recommend an assay with a similar reporting range to hsCRP M1 for use in diabetes diagnostics. Due to inter-method and inter-laboratory variability, each MODY diagnostic testing centre will need to establish the threshold for sequencing based on a specific local hsCRP assay.
Future studies to confirm the clinical utility of this biomarker will require prospective use of hsCRP to identify cases for sequencing of HNF1A from unselected groups of individuals with young adult-onset diabetes. Accompanying health economic analysis will also be necessary to demonstrate the cost-effectiveness of a screening pathway involving hsCRP, and to establish the optimum sensitivity and specificity cut-offs for diagnostic screening.
In summary, this study establishes that hsCRP is a clinically valid biomarker for diagnosis of HNF1A-MODY. We propose that hsCRP be incorporated into diagnostic algorithms in conjunction with other clinical and biochemical features to select individuals with diabetes for resequencing of HNF1A. An advantage of hsCRP as a screening biomarker is that it is already widely available at relatively low cost (~€5.00 per test) and therefore has great potential to be rapidly adopted in clinical practice. Highsensitivity CRP has sufficient sensitivity and specificity to facilitate more precise targeting of molecular diagnostic testing for monogenic diabetes, and therefore should improve detection of HNF1A-MODY individuals and lead to better care for these patients. Furthermore molecular genetic diagnostics is likely to become more widespread following the impact of next-generation sequencing techniques, and biomarkers such as hsCRP may become reliable tools to assist the clinical interpretation of novel mutations of uncertain pathogenic significance.
